We compared the abilities of ricin, diphtheria toxin, cycloheximide, and anisomycin to induce apoptosis, using human myeloid leukemia U937 cells at the concentration of each toxin at which almost complete protein synthesis inhibition was attained within 3 h. Among these toxins, anisomycin was found to be the most potent apoptosis inducer. After a 6-h exposure to anisomycin (1 mg W ml), nearly 95% of the cells had apoptotic nuclear morphological changes, while 53%, 30%, and 10% of the cells showed apoptotic changes after exposure to ricin (0.1 mg W ml), diphtheria toxin (10 mg W ml), and cycloheximide (10 mg W ml), respectively. Furthermore, a rapid increase in caspase-3-like activity was observed in anisomycin-treated cells. A similar increase in caspase-3-like activity was also observed in ricin-treated cells on a slower time schedule. However, only a slight increase in the protease activity was induced by diphtheria toxin or cycloheximide even after 6 h of incubation. Since both ricin and anisomycin are known to act on 28S ribosomal RNA, our results suggest that this action mechanism may be responsible for their potent apoptosis induction, and protein synthesis inhibition alone is not su‹cient to induce apoptosis.
Plant (ricin, abrin, and modeccin) or bacterial (diphtheria, Pseudomonas, and Shiga toxins) cytotoxic proteins inhibit protein synthesis in eukaryotic cells following receptor-mediated endocytosis. [1] [2] [3] After intracellular vesicle tra‹cking, the enzymatically active components of these toxins are eventually translocated into the cytosol to reach their targets, i.e., the 28S RNA of the 60S ribosomal subunit for ricin, abrin, modeccin, and Shiga toxin, or elongation factor-2 for diphtheria toxin and Pseudomonas toxin. Recent studies have demonstrated that these protein toxins induce apoptosis. [4] [5] [6] [7] [8] Although the mechanism by which these protein toxins inhibit protein synthesis is well deˆned, the mechanism of toxinmediated apoptosis is poorly understood. Furthermore, the biological signiˆcance of protein synthesis inhibition in the apoptosis induction is still unclear.
To gain insight into the mechanism of apoptosis induction by protein toxins in terms of the signiˆcance of their ability to inhibit protein synthesis, we compared the abilities of ricin and diphtheria toxin to induce apoptosis in U937 cells as well as those of two low-molecular-weight protein synthesis inhibitors, cycloheximide and anisomycin. These protein synthesis inhibitors showed extremely diŠerent abilities to induce apoptosis even at the concentrations at which cellular protein synthesis was almost completely inhibited. Our results suggest that protein synthesis inhibition alone is not su‹cient to induce apoptosis, and the means by which protein synthesis is inhibited is more important.
Materials and Methods
Materials. Anisomycin and cycloheximide were obtained from Sigma Chemical Co. (St. Luis, MO). Ricin was isolated from small castor beans as described by Mise et al. 9) Diphtheria toxin was purchased from Swiss Serum and Vaccine Institute (Berne, Switzerland). The ‰uorescent tetrapeptide substrate of caspase-3 (Ac-DEVD-MCA), and caspase family and caspase-3 inhibitors (Z-Asp-CH2-DCB, Ac-DEVD-CHO) were obtained from the Peptide Institute, Inc., Osaka, Japan. 3,4-Dichloroisocoumarin (DCI) was obtained from Calbiochem-Novabiochem Intl (LaJolla, CA). H33258 (Hoechst 33258) was purchased from Wako Chem. Co. Japan. Cell culture. A human myeloid leukemia U937 cell line was obtained from the Riken Cell Bank, Tsukuba, Japan. Cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10z fetal bovine serum in a humidiˆed atmosphere of 5z CO 2 and 95z air.
Diphenylamine assay. Cells (6×10 5 cells W ml) in RPMI-1640 medium containing 35 mM BSA were treated with or without protease inhibitor (DCI or ZAsp-CH2-DCB) for 1 h at 379 C. Cells were incubated with indicated concentrations of toxins in the presence or absence of each inhibitor for 6 h at 379 C. After removal of the medium, the cells were washed once with phosphate buŠered saline (PBS) and lysed in 1 ml of ice-cold lysis buŠer (0.5z Triton X-100, 10 mM Tris-HCl, pH 8.0, 20 mM EDTA). Samples were subsequently centrifuged for 30 min at 13,000×g to separate DNA fragments (supernatant) from intact DNA (pellet). DNA contents of the supernatant and pellet fractions were measured using diphenylamine reagent as described previously.
10)
Detection of DNA fragmentation. Cells (5× 10 6 cells W dish) in RPMI-1640 medium containing 35 mM BSA were incubated with the indicated concentration of each toxin for 6 h at 379 C. Then, the cells were washed once with PBS and lysed in 1 ml of lysis buŠer (0.2 M NaCl, 10 mM EDTA, 20 mM Tris, 1z sodium dodecyl sulfate, pH 8.0). The lysate was incubated with 250 mg W ml of proteinase K for 15 h at 379 C. The solution was then extracted with phenol W chloroform, and precipitated with 2.5 volumes of ethanol for 20 min at "839 C, and the precipitate was dried by evaporative centrifugation. The DNA was then dissolved in 100 ml of TE buŠer (10 mM TrisHCl, 1 mM EDTA, pH 8.0) containing 100 mg W ml RNase (DNase free) and incubated for 1 h at 379 C. The DNA of each sample was analyzed by electrophoresis in 2.0z agarose gel, stained with ethidium bromide, and then photographed on a UV illuminator.
Nuclear staining. Nuclear morphological changes in cells undergoing apoptosis were detected by staining with the DNA-binding ‰uorochrome bisbenzimide (Hoechst 33258) as described previously. 11) In brief, cells (5×10 6 cells W ml) in RPMI-1640 medium containing 35 mM BSA were incubated with indicated concentration of each toxin for the indicated periods of time at 379 C. Then the cells were washed with PBS, and subsequentlyˆxed with 1z glutaraldehyde for 30 min at room temperature. After they were washed with PBS, the cells were stained with Hoechst 33258 (40 mM) for 5 min at room temperature, and then cells were placed on a slide, and 200 cells per slide were scored for the incidence of apoptotic nuclear changes under an Olympus BX-60 ‰uorescence microscope. Cells with three or more chromatin fragments were considered apoptotic.
Peptide cleavage assay. Cells (6×10 6 cell W ml) in RPMI-1640 medium containing 35 mM BSA were incubated with the indicated concentration of each toxin for the indicated periods of time at 379 C. Then the cells were washed twice with PBS by centrifugation and resuspended in 200 ml of extraction buŠer (10 mM HEPES W KOH buŠer, pH 7.4, 2 mM EDTA, 0.1z CHAPS, 5 mM DTT, 1 mM PMSF) as described. 12) After repeated freezing and thawing, cell debris were removed by centrifugation at 13000×g at 49 C for 20 min. The supernatant was incubated with 10 mM ‰uorescent substrate (Ac-DEVD-MCA) at 379 C for 10 min, and then cleavage of peptides was analyzed with excitation at 380 nm and emission at 460 nm. The speciˆc inhibitor for caspase-3 (Ac-DEVD-CHO) was added to the reaction mixture at a concentration of 4 mM. Speciˆc caspase-3 like activity was calculated by subtracting the value obtained in the presence of the inhibitor. One unit corresponds to the activity that cleaves 1 pmol of the substrate at 379 C for 10 min.
Results
Apoptotic nuclear morphological changes and caspase-3-like activities in U937 cells treated with ricin, diphtheria toxin, cycloheximide, and anisomycin Previous study has revealed that the concentrations of toxins required to attain almost complete protein synthesis inhibition within 3 h were ricin; 0.1 mg W ml, diphtheria toxin; 10 mg W ml, cycloheximide; 10 mg W ml, and anisomycin; 1 mg W ml, respectively. Thus, these concentrations of toxins were used throughout the experiments. As shown in Fig. 1(A) , incubation of U937 cells with anisomycin resulted in the appearance of the cells with typical apoptotic nuclear morphological changes upon staining with the DNA-speciˆc ‰uorochrome (Hoechst 33258). The time course analysis demonstrated an increase in the number of apoptotic cells in toxin-treated cells were depending on the toxin (Fig. 1(B) ). The development of nuclear morphological changes after treatment with 1 mg W ml of anisomycin proceeded more rapidly than with the other toxins, and nearly 95z of the cells had apoptotic changes at 6 h. The percentage of apoptotic cells at 6 h in the cells treated with ricin (0.1 mg W ml), diphtheria toxin (10 mg W ml), and cycloheximide (10 mg W ml) were 53z, 30z, and 10z, respectively. Consistent with these results, signiˆcant DNA ladder formation on a agarose gel electrophoresis was observed in ricin-or anisomycin-treated cells, but not in diphtheria toxin-or cycloheximidetreated cells (Fig. 1(C) ).
As shown in Fig. 1(D) , caspase-3-like activity was gradually increased in ricin-treated cells and reached to about 10-fold after 6 h of incubation as compared to the initial level. In anisomycin-treated cells, an even more rapid increase in caspase-3-like activity was observed and reached maximum level at 3 h. In contrast to ricin and anisomycin, no signiˆcant increase in caspase-3-like activities were observed in the cells exposed to diphtheria toxin or cycloheximide at least during 6 h of incubation.
EŠects of caspase family inhibitor (Z-Asp-CH2-DCB) and serine protease inhibitor (DCI) on the toxin-induced DNA fragmentation in U937 cells
Our recent studies have demonstrated that a caspase family protease inhibitor, Z-Asp-CH2-DCB, and a serine protease inhibitor, 3,4-dichloroisocoumarine (DCI), were potent inhibitors of ricin-induced apoptosis in U937 cells. 11) To further study the involvement of proteases in ricin-and anisomycin-induced apoptosis as a common apoptotic signal transduction element, we examined the eŠects of Z-Asp-CH2-DCB and DCI on the DNA fragmentation caused by these toxins in U937 cells by the diphenylamine assay. As shown in Table 1 , a previous incubation of the cells with these protease inhibitors resulted in the complete inhibition of ricin-and anisomycin-induced DNA fragmentation. These results suggest that ricin and anisomycin have basically similar apoptosis signaling pathways via a protease-activation cascade. Our previous study showed that Z-Asp-CH2-DCB almost completely prevented the increase in caspase-3-like activity in ricin-treated U937 cells, but DCI had only a partial inhibitory eŠect.
11) Similar inhibitory proˆles of these protease inhibitors were observed in anisomycin-treated U937 cells (data not shown). Thus, serine proteases as well as caspases might be involved in the apoptosis induction by these toxins. Table 1 . EŠects of Caspase Family Inhibitor (Z-Asp-CH 2 -DCB) and Serine Protease Inhibitor (DCI) on Ricin-and AnisomycinInduced DNA Fragmentation in U937 Cells Cells (6×10 5 cells W ml) wereˆrst incubated in the presence or absence of 100 mM Z-Asp-CH 2 -DCB or 100 mM DCI in RPMI-1640 medium containing 35 mM BSA for 1 h at 379 C, followed by the addition of 0.1 mg W ml of ricin or 1 mg W ml of anisomycin. After further incubation for 6 h at 379 C, the extent of DNA fragmentation of each treated cells was measured by diphenylamine assay as described under Materials and Methods.
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Discussion
In this study we have found that the abilities of ricin, diphtheria toxin, cycloheximide, and anisomycin to induce apoptosis in U937 cells are extremely diŠer-ent in terms of the extent and kinetics of the appearance of the cells with apoptotic changes even at the concentration at which each toxin causes almost complete inhibition of protein synthesis. These results strongly suggest that apoptosis induction by protein synthesis inhibitors is not a simple or straightforward consequence of protein synthesis inhibition.
Although the induction of apoptosis by ricin and diphtheria toxin is well documented, several lines of evidence suggest that underlying mechanisms by which these protein toxins induce apoptosis may be distinct. For instance, cycloheximide inhibits ricin-induced cell lysis as described above, but did not aŠect diphtheria toxin-mediated lysis. 4, 13) In addition, it has been reported that the combination of TNF-a and diphtheria toxin resulted in increased cytotoxicity and synergy, but ricin did not synergize with TNFa. [13] [14] [15] Consistent with theseˆndings, diphtheria toxin was less eŠective than ricin as judged by apoptotic nuclear changes and increase in caspase-3-like activity (Figs. 1(B) and 1(C) ). The reason for this is unclear now, but it may be partly due to the diŠerent intoxication mechanisms between ricin and diphtheria toxin, especially their diŠerent intracellular targets, i.e., the 28S ribosomal RNA for ricin and EF-2 for diphtheria toxin. In fact, anisomycin, which acts on 28S ribosomal RNA similar to ricin, was found to be the most potent apoptosis inducer among the protein synthesis inhibitors tested. In contrast to anisomycin, cycloheximide, which binds to the 60S ribosomal subunits and blocks the EF-2-dependent translocation step, induced no signiˆcant apoptosis in U937 cells.
Ricin and diphtheria toxin have been used as a cytotoxic component of immunotoxins, which are tumor-targeting therapeutic agents. 16) In cancer chemotherapy, induction of apoptosis of cancer cells by therapeutic agents is considered to be a eŠective strategy. 17) In this regard, our results suggest that immunotoxins conjugated with ricin are expected to produce more potent therapeutic eŠect through e‹cient apoptosis induction against target cancer cells than the immunotoxin prepared from diphtheria toxin.
Interestingly, recent study have demonstrated that anisomycin can activate the stress-activated protein kinases (SAPK W JNK1) through acting on the 28S ribosomal RNA. Furthermore, it has been reported that ricin showed a strong ability to activate SAPK W JNK1, but diphtheria toxin caused only marginal activation of the kinase under the conditions in which these toxins strongly inhibited cellular protein synthesis.
18) Based on theseˆndings, it has been proposed that a novel stress signaling pathway (ribotoxic stress response) is initiated in mammalian cells by damaging the 28S ribosomal RNA, and 28S ribosomal RNA itself functions as a sensor for stress induced by a subset of agents including ricin and anisomycin that inhibit protein synthesis. Thus, it may be possible to speculate that the potent ability of anisomycin and ricin to induce apoptosis may partly explained by their action on the 28S ribosomal RNA, and thereby stress-related signals leading to apoptosis may be triggered strongly. Since Z-Asp-CH2-DCB and DCI eŠectively prevented both ricin-and anisomycin-mediated DNA fragmentation, a similar protease-activation cascade may be involved in their later apoptosis pathways (Table 1 ). Upon addition of anisomycin, immediate inhibition of protein synthesis occurred, while ricin required a certain lag time to attain protein synthesis inhibition (data not shown). Thus, one can speculate that a large number of anisomycin molecules can pass through the plasma membrane and reach a large number of 28S ribosomal RNAs at the same time, which may result in the rapid and extensive induction of ribotoxic stresses leading to apoptosis. Further studies are required to clarify whether or not the ribotoxic stress through MAP kinase activation is a major mechanism responsible for anisomycin-and ricin-mediated apoptosis.
